1. Introduction
===============

Rapid and precise signal transmission between the majority of nerve cells (neurons) in the mammalian central nervous system (CNS) is mediated by two major modes of neurotransmission: excitation by glutamic acid and inhibition by γ-aminobutyric acid (GABA). GABA is generated from glutamic acid by the action of glutamic acid decarboxylase (GAD). This review describes the history of GABA's identification as an inhibitory neurotransmitter as well as several recent findings on neural and non-neural roles of GABA.

2. Synapses and inhibition
==========================

The field of neuroscience endeavors to understand functions of the brain at the cellular and molecular levels. The earliest studies in the field were of simple reflex in the spinal cord. This early work was carried out during the latter half of the 19th century. Most investigations of that times were carried out in the frog and invertebrates: however, Sherrington studied spinal reflexes in the dog and cat.^[@r01],[@r02])^ He analyzed knee jerk and six other reflexes by recording muscle contraction on a moving smoked paper through a lever. Since each muscle movement is a reflection of the electrical activities of motor neurons (motoneurons, the term introduced by Sherrington^[@r02])^), Sherrington's investigations laid the groundwork for studies of membrane potential changes in cat motoneurons recorded with intracellular microelectrodes by Eccles in the 1950s.^[@r03])^

Sherrington stressed the importance of synapses and inhibition. Compared with signal conduction as it is known to occur in nerve fibers (axons), the reflex has several unique properties. The reflex as measured by Sherrington was delayed, one-way, fatiguing, sensitive to oxygen deficiency, and affected by various drugs. He attributed these properties to neuron-neuron junctions in the reflex pathway. He initially thought of naming this junction "syndesm" but later adopted the name "synapse" as suggested by a classical scholar.^[@r04])^ In Sherrington's view, simple reflexes such as knee jerk were mono-synaptic, consisting of a sensory (afferent) nerve and a motor (efferent) neuron. In contrast, the scratch reflex was rather complex in that stimuli to the shoulder induced movement of the hind legs. His interpretation was that additional neuron(s) were interposed between sensory and motor neurons, making the pathway poly-synaptic.

Regarding the phenomenon of neural inhibition, Setchenov (1867) had already determined that the spinal reflex of the frog was under inhibitory control of the cerebrum. When weak sulfuric acid was applied to the skin of the hind leg, it was immediately withdrawn. He observed that this reflex was potentiated or depressed by removal or stimulation of the cerebrum, respectively.^[@r02],[@r05])^ Some years later, Pavlov^[@r06])^ also demonstrated the critical nature of inhibition in his studies of the development and interruption of conditioned reflex.

Sherrington found that reciprocal inhibition was associated with every spinal reflex.^[@r01])^ When mechanical stimulation of the hind pad or the shoulder induced flexion of the same-side knee (flexor reflex or scratch reflex, respectively), tension of the extensor muscles was inhibited simultaneously. In this situation, the flexor reflex of the opposite-side hind limb was also inhibited. In his classic diagram, afferent nerves branched to make contact directly with both flexor and extensor motoneurons, exciting one and inhibiting the other. He did not discuss the mechanisms of synaptic inhibition. Since his time, it has been established that inhibitory neurons, which exclusively form inhibitory synapses, are interposed in the reflex pathway.

3. Chemical transmission at synapse
===================================

Signal transmission at the peripheral synapses has been recognized to be mediated by chemical substances called neurotransmitters. Two important neurotransmitters in the peripheral nervous system are acetylcholine and noradrenaline. Acetylcholine mediates neurotransmission between the parasympathetic nerves and the heart as well as other smooth muscle organs, between the preganglionic and postganglionic nerves at autonomic ganglia and between motoneurons and skeletal muscle at neuromuscular junctions. Noradrenaline mediates the effects of the sympathetic nerves on smooth muscle organs throughout the body.

Whether CNS synaptic transmission is electrical or chemical was disputed until 1951.^[@r03])^ Direct transfer of electric current from the presynaptic axon to the postsynaptic neurons initially appeared appropriate to rapid signal transmission in the CNS. In the early 1950s, intracellular recordings from skeletal muscle cells by Katz^[@r07])^ and from cat motoneurons by Eccles^[@r03])^ led to the conclusion that synaptic transmission is performed chemically not only in peripheral but also in central synapses. When an action potential arrives at presynaptic axon terminals, a neurotransmitter is released into the synaptic cleft (a gap between presynaptic and postsynaptic cells) and it activates specific receptor proteins on postsynaptic cells. An excitatory neurotransmitter produces excitatory postsynaptic potentials (EPSPs) to depolarize the postsynaptic cells toward the threshold required for action potential generation whereas an inhibitory neurotransmitter induces inhibitory postsynaptic potentials (IPSPs) which hyperpolarize the postsynaptic neuron and obstruct such excitation.

Invertebrates differ from vertebrates in that the former class of animals does not have well-developed brains. In place of a brain, relatively small number of neurons form ganglia which correspond to each body segment. A chain of ganglia are tied together with nerve bundles called connectives. Electrophysiological properties of neurons and synapses are largely shared by invertebrate and vertebrate species: however, their neurotransmitters are not necessarily the same. For example, while acetylcholine is the neurotransmitter released by motoneurons that innervate muscle fibers in vertebrates, glutamic acid performs this function in Crustacea.

4. Identification of neurotransmitter
=====================================

We can postulate that the strategy for determining a specific substance as a neurotransmitter should resemble strategies utilized in other fields for identification of biological entities with specifically defined functions. For instance, Koch's postulates (1883)^[@r08])^ regarding the identification of pathogenic bacteria require (1) the presence of candidate bacteria in the affected region, (2) the isolation and maintenance of these bacteria in culture, and (3) the induction of disease in animals by the purified bacteria. Thus, the traditional definition and the criteria for identification of a neurotransmitter are:^[@r09],[@r10])^ (1) presence of a candidate substance in presynaptic neurons (presence), (2) its release from presynaptic terminals during the activation of synapses (release), and (3) mimicry of synaptic transmission by an artificially applied candidate (action). An additional criterion is (4) that any natural substances are able to block both of the synaptic transmission and the candidate's action (pharmacology). A pioneering release experiment was done by Loewi (1921).^[@r11])^ A live heart was isolated from the frog and maintained in artificial medium. After electrical stimulation of the vagus nerve depressed the beating, the medium was collected and applied to the beating heart, resulting in its depression without the nerve stimulation. Later he demonstrated that the chemical released from the vagus nerve to the medium was indistinguishable from acetylcholine.

5. GABA: early findings
=======================

Following its original discovery in rotten pancreas in 1912,^[@r12])^ GABA was found in various kinds of bacteria and plants but not in animals. I mention a study of Kazuo Okunuki,^[@r13])^ the investigator at the Tokugawa Biological Institute in Tokyo who later discovered cytochrome C~1~. He analyzed the activity of GAD in 14 plant species, showing the high activity in the pollen from lily and turnip. In 1950, Awapara^[@r14])^ and Roberts^[@r15])^ discovered GABA in the human and animal brains with paper chromatography. They also showed that GABA is present in free form and derived from glutamic acid. GABA was negligible in other animal tissues. Since then, Roberts has taken the lead in biochemical investigation of GABA.^[@r16],[@r17])^

The action of GABA on the brain was studied first by Takashi Hayashi and Nagai in 1956.^[@r18],[@r19])^ They applied various substances to the surface of the cerebral cortex in the dog and examined their effects on convulsion. These studies led to the discovery of the inhibitory action of GABA. Effects of GABA on the electrical activities in the cerebral cortex were studied by several groups. Kitsuya Iwama and Jasper in Montreal^[@r20])^ found that spontaneous spindle waves and evoked potentials were abolished by GABA application to the surface of the cat brain. A meticulous experiment was performed by Curtis and associates in Eccles' laboratory.^[@r21])^ They recorded membrane potentials from motoneurons of the cat spinal cord and applied GABA iontophoretically to the same neurons. Their coaxial electrode was fabricated as an intracellular glass microelectrode protruding slightly from a drug-filled micropipette. IPSPs were hyperpolarizing potentials but GABA never induced hyperpolarization in their studies, leading to their conclusion that GABA was not a neurotransmitter on the spinal motoneurons. In a word, GABA exerted a powerful inhibition on mammalian neurons (Fig. [1](#fig01){ref-type="fig"}),^[@r10])^ but its mode of action appeared different from that of a neurotransmitter.

Other studies were performed in Crustacea using a stretch receptor neuron. This cell is attached to muscle cells and discharges action potentials in response to stretch. Florey^[@r22])^ discovered inhibitory substance (Factor I) in the mammalian brain, which inhibited the discharges in stretch receptors. Florey and colleagues, furthermore, demonstrated GABA in the Factor I preparation.^[@r23],[@r24])^ GABA's actions on stretch receptor neuron were analyzed extracellularly using oil-gap method by Kuffler and Edwards^[@r25])^ and intracellularly by Susumu Hagiwara and asociates.^[@r26])^ Akira and Noriko Takeuchi^[@r27])^ further analyzed ionic mechanism and the receptive site of GABA's action on crustacean muscle cells These investigations confirmed the identical action of GABA as the crustacean neurotransmitter. Although Florey could not demonstrate the presence of GABA and GAD in crustacean nervous tissue, Kuffler was able to find GABA there^[@r28])^ and pursued their project (see below).

6. Ito's discovery of Purkinje cell as inhibitory neuron
========================================================

Masao Ito, working together with Eccles in Canberra, investigated motoneurons in the cat spinal cord electrophysiologically. Especially, he demonstrated that in synaptic inhibition, IPSPs are produced by increase in membrane permeability to anion of small size including chloride ion (Cl^−^). He returned to the Department of Physiology at the University of Tokyo in the summer of 1962, at which time Keisuke Toyama, a graduate student at the Nagoya University, and I, an intern at the University Hospital, gave up each job and joined Ito for setup of a laboratory along the lines of Eccles' lab. A stereotaxic apparatus, a micromanipulator and a microelectrode puller were all constructed from Eccles' blueprint by Eiichi Narishige and his Company in Tokyo. A three-channel stimulator and other electronic apparatus were assembled by our own hands. After several experiments on spinal motoneurons, intracellular recording started from large neurons in the cat brain stem in the next spring: lateral vestibular nucleus of Deiters^[@r29])^ and red nucleus.^[@r30])^ In 1964, Ito and Mitsuo Yoshida discovered that Purkinje cells in the cerebellar cortex directly inhibit neurons of Deiters^[@r31])^ nucleus and deep cerebellar nuclei.^[@r32])^ The identification of Purkinje cells as inhibitory neurons was an epoch-making discovery which not only changed the concept of the cerebellum but also provided an excellent new opportunity to study inhibitory neurons. In those days only Ia interneurons and Renshaw cells in the spinal cord, and basket cells in the hippocampus and the cerebellum^[@r03])^ had been established as inhibitory neurons. They are small, scattered cells with short axons and therefore not well-suited for intracellular study.

7. Hyperpolarization of mammalian neurons by GABA
=================================================

Since no substance had previously been identified as an inhibitory neurotransmitter in the mammalian CNS, we set to work to identify a neurotransmitter at Purkinje-Deiters inhibitory synapses. Using an experimental setup similar to that used by Curtis and coworkers, with coaxial electrodes for intracellular recording and simultaneous iontophoretic application of chemicals, we tried to find a substance that hyperpolarized Deiters neurons. The laboratory was so crowded with Ito's and Nakaakira Tsukahara's teams that our experiments were conducted only once a week. It took 3 days to prepare coaxial electrodes for each experiment. Deiters neurons are located deep in the medulla oblongata and most electrodes were broken or blocked before reaching the neurons. On the basis of Curtis' findings of non-hyperpolarizing GABA action,^[@r21])^ we tested the effect of other candidates. Because these efforts were without success, we tried GABA rather reluctantly. Another graduate student, Rikuo Ochi did not miss a faint sign of hyperpolarization induced by GABA in the early experiment. We obtained a small number of reliable records but were confident of our results (Fig. [2](#fig02){ref-type="fig"}). Picrotoxin blocked the Purkinje cell-induced inhibition as well as GABA's activity. Thus, we fulfilled the first criterion of the neurotransmitter identification (mimicry of action).^[@r10],[@r33],[@r34])^

In the summer of 1965, the 23rd International Congress of Physiological Sciences was held in Tokyo. Top scientists around the world came together and it turned to be a milestone for the field of Japanese physiology. Ito and Eccles also organized a satellite symposium on the cerebellum. Our results were presented at both meetings,^[@r33])^ likely contributing to the increasing interest in the field of GABA research. After return to Montreal following these meetings, Krnjević published on GABA-induced hyperpolarization in the cerebral cortex.^[@r35])^ Subsequently, Curtis showed that iontophoretic application of glycine and GABA induced hyperpolarization in the spinal motoneurons and, actually, glycine is a main inhibitory neurotransmitter in the spinal cord.^[@r36])^

Sites of GABA actions was substantiated by molecular cloning of GABA receptors.^[@r37],[@r38])^ The cloning of GABA~A~ receptor subunits was first performed by injection of *Xenopus* oocytes with brain mRNA and detection of expressed GABA sensitivity.^[@r37])^ GABA~A~ receptors are composed of a combination of five polypeptide subunits, and are ionotropic and bicuculline-sensitive. In addition, GABA~B~ and GABA~C~ receptors play supplementary roles in GABA action.^[@r38])^ GABA~B~ receptors are metabotropic, bicuculline-insensitive and baclofen-stimulated. GABA~C~ receptors are ionotropic and insensitive to both bicuculline and baclofen.

It took 3 years for us to complete the coaxial electrode experiments in the cat, whereas using modern methods, the same results might be obtained within 2 weeks. In the 1960s McIlwain in London was studying biochemical changes induced by electrical stimulation in a brain slice preparation. Chosaburo Yamamoto joined McIlwain and succeeded in recording synaptic and action potentials in the slices.^[@r39])^ He subsequently returned to Japan and introduced his methods of preparing slices by hand. Subsequent development of automatic slicer and confocal optics made slice experiments feasible for the study of most parts of the brain. Live neurons could be viewed under a microscope and studied in many exciting ways by using patch clamp pipettes.

8. Presence of GABA in Purkinje cells
=====================================

In 1963 Kravitz and colleagues at Kuffler's neurophysiology laboratory in Boston demonstrated high GABA content in the inhibitory axon of the lobster.^[@r40])^ They isolated single motor (excitatory) and inhibitory axons (identified electrophysiologically) innervating muscles of the walking leg and quantified levels of GABA with enzymatic methods. Their specimens were 50 µm in diameter and 3 cm in length. This GABA assay was developed by Jacoby and Scott,^[@r41])^ using a GABA transaminase/succinic semialdehyde dehydrogenase mixture (GABAse) which was isolated from *Pseudomonas fluorescens* ATCC 14340. Most likely Kravitz was the first investigator to effectively use this enzyme to assay for GABA in nervous tissue. His quantitative methods would be applicable to mammalian neurons only if several-hundred mammalian neurons of 30--50 µm were collected and analyzed together.

For the start I visited the Institute of Applied Microbiology on our campus. They did not keep ATCC 14340 but gave me several strains of similar ATCC numbers. The bacteria were cultured with the help of my classmate Hiroshi Shibuta and his mentor Masanosuke Yoshikawa at the Department of Bacteriology. These strains grew well but did not produce GABAse. At about this time, I heard that the Neurochemistry Laboratory at the Brain Research Institute on the same campus did in fact have a supply of ATCC 14340. A psychiatrist readily handed me a spatula of powder. Its culture resulted in several colonies but electron microscopic examination by Yoshikawa revealed that they were not *Pseudomonas.* Finally, I wrote to ask the American Type Culture Collection for a transfer of ATCC 14340, as my first letter in English. I remember that on its arrival, an associate professor of bacteriology seriously transferred the contents to culture dish. I harvested several liters of the bacterial suspension. GABAse purification was done with the help of Shinji Ishikawa (Ito's classmate) at the Department of Biochemistry. Kravitz crushed the bacteria in a huge volume of the bacterial suspension with a French Press.^[@r28])^ I did not experience the heavy labor of the French Press but instead used a 10 kHz sonicator as Jacoby and Scott described. I remember vividly that the GABAse solution was subdivided, sealed with Parafilm and put into a deep freezer. In those days, Parafilm was costly and test tubes were sealed with plastic wrap and rubber band. Toilet paper rolls were used instead of Kimwipe tissue. Since toilet paper was fluorescent, I cut filter paper in piece for the GABA fluorescence assay.

For the collection of neurons, blocks of the cat brain were placed on ice and stained faintly with methylene blue. Under a dissecting microscope, neurons were quickly stuck on the tip of fine glass needles (Fig. [3](#fig03){ref-type="fig"}). GABAse decomposes GABA, accompanied by the conversion of NADP^+^ to NADPH, as quantified by a fluorometer. This apparatus was available only at Setsuro Ebashi's Department of Pharmacology. A group of 500--1,000 neurons were collected as one sample. The volume of cells was approximated from their averaged size. GABA concentrations in the Purkinje cells were five-fold higher than in spinal motorneurons (excitatory neurons) (5.8 ± 1.5 vs. 1.5 ± 0.5 mM in 5 samples each).^[@r42])^

Yasuo Kagawa at Department of Biochemistry proposed Lowry's enzymatic cycling method^[@r43])^ for single cell analysis. Using this method, a cyclic reaction between NADPH and NADP^+^ with glutamate dehydrogenase/glucose-6-P dehydrogenase amplifies NADPH several thousand-fold. I tried it at the time but found that such complicated technology was beyond me.

9. Otsuka's guidance for GABA assay
===================================

Masanori Otsuka at Ebashi's laboratory went abroad to work at Kuffler's laboratory in Boston. There, he measured GABA in single neuron for construction of a map of inhibitory and excitatory neurons in the lobster ganglion,^[@r44])^ and then succeeded in demonstrating GABA release from lobster inhibitory neurons.^[@r45])^ In the summer of 1966, he returned to Tokyo as Professor of Pharmacology at Tokyo Medical and Dental University. His department was equipped with a fluorometer, a liquid scintillation counter *etc*. In the next spring I finished a doctoral program at the University of Tokyo and joined Otsuka to extend our biochemical analyses. He was able to establish the enzymatic cycling GABA assay, by constructing 0.1- to 0.2-µl micropipettes and 0.1-ml test tubes.^[@r46],[@r47])^ Our amplification of NADPH reached 5,000--10,000 and the sensitivity of GABA assay was 2 × 10^−14^ mol, enough for single cell analysis.

Using this method, we measured GABA in single neurons isolated from the cat. Each neuron isolated was photographed and its volume was estimated (Fig. [3](#fig03){ref-type="fig"}A). Purkinje cells innervate Deiters nucleus and three pairs of deep cerebellar nuclei. In Deiters nucleus Purkinje cells project only to its dorsal part. Therefore, dorsal and ventral Deiters neurons were distinguished. To eliminate Purkinje axons in dorsal Deiters nucleus, the cortical part of the cerebellar vermis was removed surgically and the cats were kept alive over 9 days. GABA concentrations were low (0.9--2.7 mM) in spinal motoneurons, ventral Deiters neurons and cerebral Betz cells and high (6.0--6.6 mM) in Purkinje cells, deep cerebellar nucleus cells and dorsal Deiters neurons. After the probable degeneration of Purkinje axon terminals, GABA was reduced to 1.7 mM in dorsal Deiters neurons (Fig. [4](#fig04){ref-type="fig"}). A large part of GABA present in the dorsal Deiters cell preparation presumably derived from Purkinje cell axons. High GABA in Purkinje cell preparations derived from both the Purkinje cell itself and surrounding basket cell axons (inhibitory axons).^[@r47])^

Yasuhiro Okada took part in Ito's early electrophysiological work on Deiters neurons^[@r29])^ and, afterwards, succeeded in developing a subcellular GABA assay in which tiny specimens were cut off from freeze-dried tissue, weighed by Lowry's quartz fiber balance and analyzed with the enzymatic cycling assay.^[@r48])^ He showed that GABA was low in the Deiters neuron itself but high in its surroundings.

10. Release of GABA in mammalian brain
======================================

Otsuka together with Kravitz and colleagues demonstrated that GABA was released by the stimulation of an inhibitory axon but not of an excitatory motor axon in the lobster claw preparation.^[@r45])^ This was a final confirmation of GABA as an invertebrate inhibitory neurotransmitter.

I started a GABA release experiment in mammals at Otsuka's laboratory in Tokyo. Four pairs of deep cerebellar (fastigial, interpositus and lateral) and Deiters nuclei surround the fourth ventricle of the cat. The fourth ventricle was perfused with artificial medium from the cranial to the caudal end. The medium was collected every 5 min and repetitive stimulation at 200 Hz for 5 min was applied through 30 electrodes scattered throughout the cerebellum. GABA was analyzed according to the method of Otsuka *et al.* for the lobster.^[@r45])^ Five-minute perfusates together with a minute amount of \[^3^H\]GABA as an internal standard were passed through small columns of ion exchangers Dowex-50-H^+^ and Dowex-1-acetate, successively, in order to enrich GABA content. Loss of GABA during these procedures was corrected by measuring \[^3^H\]GABA with a liquid scintillation counter set between our benches. Notably, the regulation of radioisotopes was not as strict at that time as it is at present.

GABA release into the fourth ventricle of the cat was significantly increased during cerebellar stimulation at 200 Hz (Fig. [5](#fig05){ref-type="fig"}).^[@r49],[@r50])^ By comparison, stimulation at 20--50 Hz produced no change. Glutamic acid collected in the perfusate was much higher (1--3 × 10^−8^ moles/min) and did not change as a function of stimulation. These results were published in Journal of Neurochemistry.^[@r49])^ I received a complimentary letter from Derek Richter, the journal's editor-in-chief at the time, stating that his Journal had been waiting for contribution of such a work as ours.

Thus, the criteria for neurotransmitter identification were fulfilled by GABA in the mammalian inhibitory synapse. GABA-releasing neurons (GABAergic neurons) exclusively express GADs for GABA synthesis and load synaptic vesicles with GABA by the vesicular GABA transporter (VGAT). A principal excitatory neurotransmitter in the mammalian CNS is glutamic acid.^[@r09])^ Needless to say, it plays a pivotal role in amino acid metabolism and is present in every cell of the body. Its restricted distribution in the glutamatergic neurons and the synaptic release are difficult to demonstrate for glutamic acid. However, molecular cloning of various subtypes of its receptors and discovery of their specific agonists and antagonists confirmed glutamic acid as a neurotransmitter.^[@r09])^

In other work, we tried direct perfusion of Deiters or the interpositus nucleus by inserting push-pull cannulae (Table [1](#tbl01){ref-type="table"}).^[@r50])^ Background release before and after cerebellar stimulation was variable and the change during the stimulation was not consistent. However, when these date were separated into two groups of high and low background release, the former group showed no change in GABA release during the stimulation whereas the latter showed a significant increase. A reason for the difference in low and high backgrounds was not found. It might be possible that when Purkinje cells are excessively active in the background, they cannot be further activated by cerebellar stimulation.

11. Excitatory action of GABA on immature neuron
================================================

Around 1970 tissue culture methods were simplified to more easily enable the cultivation of immature neurons in a plastic dish and we began to take advantage of this technique. We found that GABA induced depolarization in cultured neurons of sympathetic and dorsal-root ganglia which were obtained from 1-day-old rats and cultured for 2--20 days, instead of hyperpolarization observed in adult central neurons.^[@r52],[@r53])^ These effects were different for different ages of embryonic chick spinal neurons: GABA depolarized the spinal neurons from 6-day embryos but hyperpolarized the embryonic 10-day neurons.^[@r54])^ After that, hippocampal and cortical neurons in immature animals were shown to respond to GABA by depolarization (reviewed in ref. [@r55]).

The GABA response occurs *via* an increase in Cl^−^ permeability of the GABA~A~ receptor in the neuronal membrane. In adults, GABA hyperpolarizes the neuron, since the intracellular Cl^−^ concentration is low and the Cl^−^ equilibrium potential is at a more hyperpolarized level than resting potential. GABA depolarizes immature neurons with the depolarized Cl^−^ equilibrium potential. K^+^-Cl^−^ cotransporter 2 (KCC2) pumps Cl^−^ out and Na^+^,K^+^/Cl^−^ cotransporter 1 (NKCC1) pumps Cl^−^ in. In mature neurons, KCC2 is active but NKCC1 is inactive. In immature neurons, the expression of these transporters is reversed.^[@r56],[@r57])^ Intracellular Ca^2+^ signaling is driven by co-activation of AMPA-type and NMDA-type glutamate receptors in adult mammals. In immature neurons, however, the AMPA-type glutamate receptor is not yet developed. Ben-Ari^[@r58])^ postulated that GABA-induced depolarization substituted for AMPA receptor activation by glutamate in Ca^2+^-dependent events such as neuronal proliferation, migration and maturation.

A circadian clock resides in the suprachiasmatic nucleus (SCN) of the hypothalamus. SCN neurons are rich in GABA. Most SCN neurons are highly active during the day and rather silent at night. In 1997, a noticeable paper^[@r59])^ was published reporting a role of GABA in circadian rhythm generation by which GABA activated SCN neurons during the day and inhibited them at night. However, this finding was not replicated and Choi *et al*.^[@r60])^ demonstrated a rather complex situation in which although GABA inhibits most SCN neurons, some neurons in the dorsal region of SCN show high NKCC1 protein and GABA-induced excitation in the night.

12. GABA deficit induced by gene targeting of GAD
=================================================

As stated above, GABA is synthesized through decarboxylation of glutamate by GADs, which have two isoforms of 65 kDa and 67 kDa, named GAD65 and GAD67, respectively.^[@r61],[@r62])^ Gene targeting of α-Ca^2+^/calmodulin-dependent protein kinase II^[@r63])^ and Fyn tyrosine kinase^[@r64])^ in 1992 anticipated a bright future of gene targeting of neuron-specific proteins for neuroscience. Using this technique we produced GAD65^[@r65])^ and GAD67^[@r66])^ knockout (KO) mice, expecting to elucidate the roles of the two GADs in GABA synthesis by evaluating the effects of GABA deficit in the brain.

GABA in the adult *GAD65 KO brain* was 50--75% of that in wild-type mice.^[@r67],[@r68])^ The GAD65 KO mouse showed low seizure threshold, spontaneous seizure, anxiety-like behavior and exaggerated fear memory,^[@r65],[@r68],[@r69])^ but these symptoms were not so severe as might be predicted. GAD65 and GAD67 had been considered to have different localizations and biological functions: the former was postulated to be a synaptic form at nerve terminals and the latter was believed to carry out metabolic functions in all parts of neurons.^[@r70])^ However, this concept is not supported because in the GAD65 KO mouse, GAD67 was similarly distributed in the axon terminals and maintained synaptic GABA transmission.^[@r67])^

GABA in *GAD67 KO mouse* at birth was only 5% (cerebral cortex) to 30% (brain stem) of that in wild-type mouse.^[@r66],[@r71])^ Therefore, GAD67 is expressed early before birth, but GAD65 develops postnatally. The GAD67 KO newborn died within 6 h after birth \[at postnatal day (P) 0\], because of respiratory failure due to cleft palate (Fig. [6](#fig06){ref-type="fig"}). Accordingly, some physiological functions were studied only in fetus, revealing their severe dysfunction.^[@r71],[@r72])^ When the mouse at embryonic day (E) 12 is exposed under transplacental perfusion, spontaneous body movement with stereotyped patterns is observed.^[@r73])^ In GAD67 KO fetuses, this movement was infrequent and weak (Toshihiko Suzue and Obata, unpublished). Spontaneous head and mouth movement was recorded *in utero* from E14 embryos by ultrasound microscopy.^[@r72])^ The frequency of mouth opening was much lower in the GAD67 KO mice than in wild-type mice (0.29 vs. 13.5/h). Spontaneous neural discharges were recorded from hypoglossal nerve and C4 ventral root in a brain stem-spinal cord preparation isolated from E14 fetuses.^[@r72])^ Mouth/tongue moving discharges were sorted according to simultaneous muscle activity recorded from the neck and the tongue. Frequencies of the mouth/tongue-moving discharges were depressed to 20% of the control. Moreover, further biochemical and morphological development was replicated in slice culture of the hippocampus and cerebellum obtained from GAD67 KO P0 mouse.^[@r74])^ During 20 days of the slice culture, GABA neuron shape, GABA content, and GAD65 protein and activity developed steadily.

*GAD65/GAD67 double KO mice* were produced by mating GAD65 and GAD67 mutants.^[@r75])^ They lost GABA completely^[@r75],[@r76])^ but showed the architecture characteristic of the cerebellum, cerebral cortex and hippocampus at E14 and P0. These results do not support an opinion by Owens and Kriegstein^[@r77])^ that in early development of the cerebrum GABA has non-synaptic functions such as arrest of proliferation, promotion of migration and neuronal differentiation. Double GAD KO and VGAT KO fetuses^[@r78])^ did not have any discharge in the C4 ventral root, although some neurons demonstrated spontaneous firing. VGAT transports GABA and glycine from cytoplasm into synaptic vesicles. Substance P induced C4 discharge at low frequency in double GAD KO fetuses but not in the VGAT KO fetuses. Addition of a glycine blocker strychnine facilitated the substance P-induced C4 discharge in double GAD KO without any effect in the VGAT KO fetus. This result suggests that glycine is also inhibiting the activities of C4 motor neurons.

The effect of *GAD67 KO in the adult cerebellum* was studied in cerebellum-selective GAD67 KO mouse produced by a *Cre*-*loxP* strategy.^[@r79])^ *loxP*-flanked *GAD67* gene was eliminated by *Cre* recombinase which was expressed under control of a promoter in cerebellum-specific *Ptf1a*, a bHLH transcriptional gene. This mouse grew to adult and was fertile. In the cerebellar cortex, its GABA neurons, namely Purkinje cells, basket cells and stellate cells, did not express GAD67. Number and dendritic branches of Purkinje cell appeared normal, as judged by calbindin D-28 staining of Purkinje cells. GABA content was reduced to 45% in the cerebellum but not changed in the cerebral cortex of the adult. Residual GABA in the cerebellum would be synthesized by GAD65. Patch clamp recording from Purkinje cells showed that spontaneous and miniature (under tetrodotoxin) IPSPs were greatly depressed in frequency and amplitude. Focal stimulation evoked IPSPs with the amplitude of 20% of the wild-type mice. In walking, stride length of each foot was not affected but stride width (distance between left and right legs) was significantly wider. When placed on a rotating rod, the KO mice fell down much earlier than the wild-type mice. These impairments of motor coordination are consistent with the expected dysfunction of the cerebellum. GABA neurons in the cerebellar cortex develop from precursor cells in the cerebellar ventricular zone which express Ptf1a selectively.^[@r80])^ If other neuron-specific genes are labeled with *Cre* and combined with *loxP*-flanked *GAD* genes, conditional *GAD* targeting will be realized to investigate site-specific GABA function.

13. GABA in CNS development
===========================

An interesting feature of the development of the nervous system is that neurons and synapses are initially generated in excess, and thereafter, the superfluous, inadequate ones are eliminated. It is widely believed that this programmed neuronal death is necessary for the correct formation of complicated neural networks. Two typical examples where this process would be efficacious are the transitions from multiple to single innervation of a skeletal muscle fiber by a spinal motoneuron and the innervation of a cerebellar Purkinje cell by a single climbing fiber. Importantly, GABA is involved in both processes. Another characteristic is high plasticity in young animals. The capacity to exhibit plasticity is ubiquitous in the nervous system, persisting to adulthood, but is most remarkable during a restricted period of development, called the critical period. GABA is also involved in delineation of such critical periods. GAD-mutant mice were very useful in these studies.

As to the first example of plasticity, mammalian motoneurons are initially produced in excess and each fiber in a skeletal muscle is innervated by several motoneurons. Subsequently, superfluous axons and neurons are eliminated leaving only one neuron to innervate each skeletal muscle fiber in the adult. By this process the total number of spinal motoneurons is reduced to approximately half their original number. In GAD67 KO fetuses mostly lacking GABA, the reduction of motoneurons was more extensive at C3-5 level of the spinal cord and less remarkable at C6-Th2 level than in the wild-type fetuses.^[@r81])^ During the embryonic development, the action of GABA changes from excitatory to inhibitory (see above) and the time of this switching was not uniform at the levels of the spinal cord.^[@r82])^ Probably this situation might be related to the opposite effects on the elimination.

As to the second example of developmental pruning, each Purkinje cell in the cerebellar cortex is innervated first by several climbing fibers but ultimately by only a single fiber. In parallel, basket cells form inhibitory GABA synapses with Purkinje cell. Masanobu Kano and associates have investigated the pruning of climbing fibers.^[@r83])^ They demonstrated that a single climbing fiber which induces large EPSPs in Purkinje cells survives, while other surplus climbing fibers inducing smaller EPSPs are eliminated. In GAD67^+/−^ mouse in which GABAergic inhibition was partially depressed, the pruning was disturbed and the multiple innervation was maintained.^[@r84])^ Moreover, chronic local application of the GAD inhibitor 3-MP preserved the multiple innervation. These phenomena were in turn antagonized by local application of the GABA receptor activator diazepam. Presumably, GABA released from basket cells affects Purkinje cells in their control of climbing fiber synapses.

Neural plasticity during the critical period is well-known on vision. In the visual striate cortex, neurons are more or less binocular at birth, responding to visual stimulation of both eyes. If eyelid of one eye is closed surgically for several days in the fourth and fifth week after birth and then opened, most cortical neurons will no longer respond to that eye and the animal will lose the use of that eye (amblyopia) forever.^[@r85])^ When such monocular deprivation is performed after the end of the critical period, binocular vision is not impaired.

Takao Hensch and colleagues^[@r86],[@r87])^ discovered the involvement of the GABA system in mouse visual plasticity. They demonstrated that in the young GAD65 KO mouse (GABA is 60% of the wild type), onset of the critical period is delayed. Moreover, continuous topical application of diazepam advances the start of the critical period in both wild-type and GAD65-deficient mice. Southwell *et al*.^[@r88])^ supported the participation of GABAergic neurons. The visual cortex in the postnatal mouse was transplanted with GABAergic neuron precursors obtained from fetal medial ganglionic eminence (MGE). The ocular dominance plasticity was observed at the critical period both for the host mouse and for the transplanted GABAergic donor neurons. Morishima *et al.*,^[@r89])^ furthermore, showed involvement of excitation by acetylcholine in the visual critical period.

14. GABA and cleft palate
=========================

An unexpected phenotype in GAD67 KO mice is cleft palate (Fig. [6](#fig06){ref-type="fig"})^[@r66])^ and we investigated the cause of this birth defect. In E12 mouse fetus, palatal shelves develop at both-side walls of the oronasal cavity and grow to extend downward. At E14, they are oriented horizontally (palatal shelf elevation) and meet together at their tips, starting to fuse and form the palate that eventually separates the nasal and oral cavities. Cleft palate is supposed to originate from the local dysfunction of growth factors and/or adhesion molecules which are required for fusion of the palatal shelves.^[@r90])^ Our experiments,^[@r91],[@r92])^ however, suggest that cleft palate in the GAD67 KO mouse is due to a lack of tongue/mouth movement, resulting in failure of the palatal shelf elevation. Until E14 the oronasal cavity is filled with the tongue. Then, neural activity develops to induce movement of the mouth and tongue, probably providing space or thrust for the palatal shelf elevation. We conclude: (1) GABA is involved in palate formation, because administration of the GABA antagonist picrotoxin and GAD inhibitor 3-MP to pregnant mothers of wild-type mice also induced cleft palate. (2) The defect is not localized in the palatal shelf itself, because the palate was formed in 48-h organ culture of the maxilla region obtained from GAD67 KO fetuses at E14. (3) In GAD67 KO fetuses at E14, partial resection of their tongue or repetitive opening/closure of their mouth induced the palatal shelf elevation 30 min after the manipulation. (4) Spontaneous mouth and tongue movement was suppressed in GAD67 KO E14 fetuses *in utero* (see above) or after administration of picrotoxin or 3-MP into the lateral ventricle of wild-type E14 fetuses. (5) In an isolated brain stem-spinal cord preparation of GAD67 E14 fetus, spontaneous discharges recorded from the XII cranial nerve and C4 spinal ventral root, both of which innervate the tongue and neck muscles, are greatly depressed (see above). Namely, the cleft palate in the GAD67 KO mouse is of neural origin but not due to endogenous dysfunction of palatal shelf. VGAT KO and GABA~A~ receptor β3 subunit KO mice also have cleft palate.^[@r78],[@r93],[@r94])^

15. GABA in neurological and psychiatric diseases
=================================================

Benzodiazepines have been most frequently prescribed for anxiety, sleep disorder and muscle rigidity. Benzodiazepines potentiate the activity of GABA~A~ receptors. Diverse actions of benzodiazepine derivatives on these disorders suggests a difference in composition of GABA~A~ receptor subunits in different brain systems.^[@r95])^

Epilepsy is a condition that results from excessive activity in neuronal networks and, in part, is associated with mutation of voltage-gated K^+^, Na^+^ and Ca^2+^ channels, and nicotinic acetylcholine and GABA~A~ receptors.^[@r96],[@r97])^ For example, generalized epilepsy with febrile seizures plus (type 1--3) is associated with defects in voltage-gated sodium channel (β1 and α subunits) and GABA~A~ receptor γ2 subunit. Autosomal dominant juvenile myoclonic epilepsy is associated with mutation of GABA~A~ receptor α1.

The basal ganglia are rich in GABAergic neurons and the GABAergic transmission in these regions is affected in Parkinson's disease, Huntington's disease and several other motor disorders.^[@r98])^ High frequency electrical stimulation to the subthalamic nucleus and the internal segment of the globus pallidus (deep brain stimulation) has been used for treatment of Parkinson's disease. Satomi Chiken and Atsushi Nambu showed that this stimulation in the monkey facilitate the GABAergic inhibition and depresses the superfluous activities of the pallidal neurons.^[@r99])^ Transplantation of the rat striatum with human GABAergic neurons improved motor and memory deficits in a model of Huntington's disease.^[@r100])^

Schizophrenia has been attributed to abnormalities of the dopamine system, primarily due to the fact that the major antipsychotic drugs act as dopamine antagonists. The more recent glutamate hypothesis of schizophrenia originally derived from the fact that phencyclidine which blocks NMDA-type glutamate receptor induces abnormal behaviors as observed in patients with schizophrenia. A failure of glutamate-GABA balance may in fact be implicated in schizophrenia, leading to the GABA hypothesis of the disease. Cognitive functions, such as working memory, are in large part mediated in the dorsolateral prefrontal cortex (DLPFC) and their impairment is a core feature of this disease. Jones and colleagues reported the decrease of GAD67 mRNA levels at small GABA neurons in DLPFC of patients with schizophrenia.^[@r101])^ The total number of the small neurons was not different in the patients and control. Lewis, Volk and Takanori Hashimoto^[@r102],[@r103])^ extended these findings to determine that the decrease in GAD67 mRNA occurs in PA- and somatostatin (SOM)-containing subpopulations but not in the calretinin (CR)-containing population of GABAergic neurons. Numbers of PA and SOM neurons again did not differ between patients with schizophrenia and controls. These investigators further found that the decrease in GAD67 mRNA is associated with that in mRNAs for PA/SOM and Lhx6. Precursor cells in MGE of the human fetus express Lhx6, a LIM homeodomain transcription factor, and develop into PA and SOM neurons in the cerebral cortex, suggesting that Lhx6 deficit affects development of PA and SOM neurons. In contrast, human CR neurons are derived separately from the subventricular zone.

16. GABA in simple animals
==========================

Restricted expression of GABA in a considerable population of neurons is already observed in the simple animals. A nematode *Caenorhabditis elegans* has only about 1,000 cells which are generated according to complete cell lineage from zygote to adult.^[@r104])^ The total number of neurons is 302 and, among them, 26 cells are GABAergic.^[@r105])^ GAD, VGAT, GABA receptors and GABA-system-specific molecules are analogous to those of vertebrates. Except for one interneuron, GABAergic neurons are connected with muscle cells and exert direct inhibitory, sometimes excitatory, control on locomotion, defecation and foraging. The muscle innervation of both excitatory and inhibitory axons is maintained in Crustacea. Another nematode *Ascaris* has 26 GABAergic neurons, too. In vertebrate, motoneurons integrate any excitatory and inhibitory instructions and deliver the final messages to skeletal muscles, as this motoneuron-muscle pathway was named a final common path by Sherrington.^[@r01])^

17. Monoamines and acetylcholine in CNS
=======================================

Several groups of neurons in the brain stem modulate the activities of the mammalian CNS, including arousal, attention, working memory, motor activity, blood pressure, breathing and pain.^[@r106])^ Their neurotransmitters are monoamines (dopamine, noradrenaline, adrenaline, serotonin and histamine) and acetylcholine. These neurons project widely to the brain and spinal cord with abundant branching. Furthermore, their synaptic connections between the presynaptic and postsynaptic elements are not tight and diffusely affect many postsynaptic sites, being called "ephaptic" rather than synaptic transmission.

18. GABA in plants
==================

In many plants GABA increases during ripening of fruits and after exposure to various stresses such as hypoxia, acidosis, mechanical stress and cold stress. The role of GABA in these contexts has not been determined. Green tea prepared in the lack of oxygen contains GABA. GABA is found to increase in brown rice at germination. In fact, GABA-containing food and drink supplements are sold commercially with the hope of replicating GABA's beneficial effects on anxiety, sleeplessness and hypertension. Unfortunately, GABA cannot enter the CNS from the peripheral circulation due to the blood-brain barrier and efficient GABA-transamination in the liver and blood platelets. Conversely, GABA in the brain is extruded by a brain-to-blood transporter in the capillary endothelial cells.^[@r107],[@r108])^ Therefore, increases in brain GABA content and their intended beneficial effects cannot be induced by ingestion.

Recently, the role of GABA in the fertilization of plants was investigated.^[@r109],[@r110])^ When pollen meets a tip (stigma) of the pistil, a pollen tube is produced to grow into the ovary along the pistil. Subsequently, a sperm cell in the pollen tube is emitted into the embryo sac at the ovary to fertilize an egg cell. A gradient of GABA concentration is present along the pistil: GABA is low in the stigma and high in the ovary. The GABA transaminase-equivalent enzyme POP2 is detected at high levels in the pistil. A mutation of POP2 results in uniformly high GABA concentrations in the pistil and results in disruption of pollen tube traffic which produces infertility. Thus, GABA appears to act as an attractant along the pollen tube. GABA binding on the surface of pollen was reported^[@r111])^ but GABA receptors have not yet been identified.

Tetsuya Higashiyama and colleagues demonstrated in elegant cell-biological experiments that defensin-like polypeptides LUREs are attractants at the last step of pollen tube guidance (gametophytic guidance).^[@r112],[@r113])^ LUREs are secreted from the synergid cells at the entrance of the embryo sac, assisting the sperm to meet the egg cell. On the other hand, GABA functions for pollen tube guidance at the early stage (sporophytic guidance).
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![Inhibitory action of GABA on mammalian CNS neuron.^[@r10])^ Discharges of action potentials of a Deiters neuron recorded extracellulary with a barrel of a multi-barreled electrode. Glutamic acid (anionic currents of 200 nA and 40 ms, every 1.5 s) and GABA (cationic currents of 18 nA at the time indicated) were administered iontophoretically through other barrels. GABA suppressed glutamate-induced discharges.](pjab-89-139-g001){#fig01}

![Hyperpolarization of Deiters neuron induced by GABA.^[@r34])^ A and C, membrane potentials recorded intracellularly from two neurons with an inner barrel of coaxial electrode. GABA or chloride ions were applied respectively with cationic or anionic currents of 500 nA through an outer barrel as indicated. Electric current artifact (B) was recorded at extracellular position and corrected for net trans-membrane potentials (dotted lines).](pjab-89-139-g002){#fig02}

![Isolated neurons for GABA assay. A, Deiters neuron attached to a glass needle in xylene.^[@r47])^ B, a spinal motoneuron in physiological solution.^[@r51])^ Parts of dendritic processes and presynaptic axons were accompanied. Scale, 50 µm.](pjab-89-139-g003){#fig03}

![GABA concentrations in single isolated Deiters neurons from non-operated (control, A and B) and operated (cerebellar vermis removed, C and D) cats.^[@r47])^ A and C, neurons obtained from the dorsal part of Deiters nucleus. B and D, from the ventral part. Means and S.E.M. are in parentheses. Cerebellar Purkinje axons innervate only dorsal Deiters neurons.](pjab-89-139-g004){#fig04}

![Release of GABA during stimulation of the cerebellum.^[@r49])^ A, arrangement for perfusion of the cat fourth ventricle. S: stimulating electrodes. I: inlet. O: outlet for the medium. B. GABA release into the fourth ventricle. Three trials in one cat. Collection period, 5 min. Cerebellar stimulation at 200 Hz were applied as indicated (S).](pjab-89-139-g005){#fig05}

![GAD67 knockout perinatal mice.^[@r66])^ a, wild-type (left) and KO (right) at P0.5. A KO mouse has a dilated stomach without milk (a) but lacks alveolar distension (not illustrated). b, the upper jaw. GAD67 KO mouse (right) has cleft palate (arrow, also in d). (Left) wild-type. c and d. Coronal sections of E17.5 facial region of wild-type (c) and GAD67 KO (d). n, Nasal septum. p, Palate. t, Tongue.](pjab-89-139-g006){#fig06}

###### 

GABA release by cerebellar stimulation (stim.) at 200 Hz (ref. [@r50])

  No. of cats                                              of expt   Before (b)    During stim. (d)   After         Ratio of each d/b
  -------------------------------------------------------- --------- ------------- ------------------ ------------- -------------------
  (Values are mean ± SEM at ×10^−11^ moles/min)                                                                     
  [In the 4th ventricle]{.ul}                                                                                       
  5                                                        13^\#^    66.9 ± 15.5   154.5 ± 36.7\*     ---           3.02 ± 0.53\*
  [In Deiters and interpositus nuclei]{.ul}                                                                         
   All experiments                                                                                                  
  7                                                        27        0.76 ± 0.13   0.96 ± 0.14        0.65 ± 0.12   2.47 ± 0.56\*
   High background (higher than 0.7 × 10^−11^ moles/min)                                                            
                                                           13        1.27 ± 0.16   1.13 ± 0.25        0.97 ± 0.19   0.90 ± 0.22
   Low backgound (lower than 0.7 × 10^−11^ moles/min)                                                               
                                                           14        0.29 ± 0.06   0.81 ± 0.14\*      0.33 ± 0.09   3.93 ± 0.95\*

^\#^Three experiments in Fig. [5](#fig05){ref-type="fig"} are included.

\*Statistically significant increase when compared with (b) or unity.

[^1]: (Communicated by Masanori OTSUKA, M.J.A.)
